The mechanism of monoterpene emission from Pinus densiflora was studied using an environmentally controlled gas cabinet. It was found that monoterpene emission rate increases exponentially with temperature and is also influenced by light. These observations were explained reasonably by a mechanism whereby monoterpene emission rate depends on the monoterpene amount in the leaf oil and its saturated vapor pressure.
they potentially serve as photochemical oxidant precursors, their global emission rate (9, 14) , their atmospheric reactivity (2, 4) , and their ambient concentration (5, 13) have been studied in an attempt to determine their contribution to air pollution. To estimate the contribution of monoterpenes to air pollution, it is necessary to establish a clear relationship between monoterpene emission rates and environmental conditions. Only limited data have been available concerning the mechanism of terpene emission or the influence of environmental factors on terpene emission. Dement et al. (1) examined the mechanism of terpene emission in Salvia mellifera and concluded that emission was dependent on the vapor pressure of the terpenes, the humidity of the air surrounding the leaf, and the surface area of essential oil present on the leaf. Tingey et al. (10) examined the influence of light and temperature on monoterpene emission rates from slash pine under controlled environmental conditions and found that light did not directly influence monoterpene emission rates and that emissions depended on temperature in a log-linear manner. In these studies, however, the influences of environmental parameters on monoterpene emission were observed for only a short time (-60 min) after each change, and effects requiring a longer time scale for development might not have been found.
In this study, the long-term effects of light, temperature, and humidity on monoterpene emission from red pines were investigated in order to establish a more reliable relationship between monoterpene emission rates and those environmental factors. This experiment was conducted using a dynamic mass balance gas cabinet under natural solar radiation. Gas Cabinet. A dynamic mass balance gas cabinet (2W x 2D x 1.8H m) was used to determine monoterpene emission. The gas cabinet was surrounded by window glass and was housed in a controlled environment chamber. The temperature and humidity of the air coming into the cabinet was regulated to within ±1°C and ±5%, respectively. Light was supplied by natural sunlight at an intensity which was reduced to approximately onefourth of that of the radiation outside due to passage through glass. Ambient air was pumped into the cabinet after passing through charcoal to remove pollutants such as sulfur oxides and nitrogen oxides. Air flow was controlled at 15 m3/h, and was introduced into the cabinet uniformly through small holes scattered on the whole surface of the floor. Leaf temperature was measured with a thermography apparatus. Radiation intensity at canopy height was measured with a photometer.
MATERIALS AND METHODS
Experimental Procedure. The influence of temperature on monoterpene emissions at various light levels was examined at 15, 20, and 25°C. To study the effect of humidity on monoterpene emissions, the experiments were conducted at 70 and 90% RH at 20°C. After each change of experimental conditions, air samples for monoterpene analysis were collected a few times (usually at 1000, 1300, 1600) in the daytime for the following several days. To evaluate the effect of light intensity on monoterpene emissions, diurnal variation of monoterpene emission was also monitored.
Sampling and analysis ofmonoterpenes in the gas cabinet were conducted using the technique described in our previous paper (12) . For each analysis, dual 1-L air samples were collected from the sample port of the gas cabinet in the sampling tubes containing 0.3 g-Tenax GC adsorbent, and submitted to GC-MS analySiS.
The monoterpene emission rate was calculated from the concentration of monoterpenes in the gas cabinet by the following equation: Figure 1 . Although the temperature was held constant, a significant diurnal change of monoterpene emission rates with a maximum around noon was observed, with the exception of cloudy or rainy days. This result conflicts with the previous studies (1, 10) reporting that monoterpene emissions are independent of light intensity. It was also observed that the emission rates of the four individual monoterpenes varied in similar fashion. Correlation coefficients among them are shown in Table   I .
To determine the influence of temperature, all the data on apinene emission rates extrapolated to noon (Fig. 1) , were grouped at each range of intensity of solar radiation at noon (0.8-1.0, 1.0-1.2, >1.2 cal/cm2. min) and they were plotted against temperature ( Fig. 2A) . The emission rate of a-pinene was log-linearly related to temperature at each range of solar radiation. A single regression line (-) for the logarithm of a-pinene emission rate versus temperature was fitted to the most abundant data with a solar radiation 0.8 to 1.0 cal/cm2. min. The broken line (---) connecting the data of the two nights with different temperature has a similar slope as this regression line. This log-linear relationship indicates that emissions increased exponentially with temperature. Comparing this relationship between a-pinene emission rate and temperature with the results for slash pine studied by Tingey et al. (10) (Fig. 2B) , it was found that the slope is higher in the former. As for humidity, there was no difference between the monoterpene emission rates at 70% RH and at 90 RH ( Fig. 2A) .
The influence of light intensity on monoterpene emission rate is apparent in the diurnal variation in Figure 1 . In Figure 2A , it is also found that, at the same ambient temperature, a-pinene emission rate at noon tends to be higher under intensive solar radiation.
DISCUSSION
The monoterpene emission from red pine was found to depend on temperature more significantly than that from slash pine in Tingey's work (10) , and also to depend on light, counter to Tingey's results. These differences of environmental effects on monoterpene emission were considered to be the result of measuring the effect of changing conditions over a longer period of time in the present study.
A part of the effect of light on terpene emission might be explained by the variation of leaf temperature as a result of exposure to radiation. At midday, the leaf temperature of some leaves exposed to the sun was often as much as 5 to 6°C higher than the air temperature while that of shaded leaves was nearly equal to the air temperature. In Figure 2A , a 5C change of temperature corresponds to a 70% increase in a-pinene emission rate. However, the average increase of monoterpene emission from the pine seedlings due to the increase of leaf temperature is considered to be much less than 70%, because some leaves are shaded by other leaves. Therefore, the large difference of monoterpene emission rate correlated with radiation, 2-fold higher in the daytime than at night (Fig. 1) , cannot be explained completely by the variation ofleaftemperature. This means that light does influence terpene emission rate, although Dement et al. (1) and Tingey et al. (10) reported no influence of light.
The relationship of a-pinene emission rate and temperature observed by Tingey et al. (10) (Fig. 2B) is similar to the relationship of a-pinene vapor pressure and temperature (Fig. 2C) , suggesting that monoterpene emission from leaves is controlled primarily by vapor pressure over the short term. In our previous study (1 1), the emission rate of each monoterpene was found to be proportional to the product of the amount of monoterpene in the leaf oil and the approximate vapor pressure, (i.e. by comparing the relationship of the monoterpene composition of the foliar emission gas and the leaf oil of red pine). These results suggest that the more significant effects of temperature and light on monoterpene emission observed in the present study were an indirect result of the amount of monoterpene produced in the leaves. This is a reasonable interpretation, since monoterpene production is dependent on photosynthesis, and photosynthesis is dependent on light and temperature (7) . The activation of monoterpene biosynthesis by light has been demonstrated for maritime pine (3). The influence on monoterpene emission rate due to variation in monoterpene amount, being indirect, may require some time-lag before it is evident.
From the above considerations, it can be concluded that the variation of monoterpene emission rate depends on the monoterpene amount, affected both by light and by temperature, and on vapor pressure, controlled only by temperature. This means that for the reliable estimation of the seasonal variation of monoterpene emission rates, knowledge ofboth temperature and rate of accumulation is essential.
